Inhibition of lysyl hydroxylase and prolyl 3-hydroxylase was studied with 23 selected aromatic and aliphatic structural analogues of 2-oxoglutarate and the results were compared with those previously reported for prolyl 4-hydroxylase. All the compounds inhibited the hydroxylases competitively with respect to 2-oxoglutarate and noncompetitively with respect to Fe2+ and the peptide substrate. The inhibition patterns for the three collagen hydroxylases were basically similar, but certain differences in detail emerged. One systematic difference was that lysyl hydroxylase had a higher Ki for almost all the compounds than had the two prolyl hydroxylases. Another interesting difference was that pyridine-2,4-dicarboxylate was the most potent inhibitor of lysyl hydroxylase and prolyl 3-hydroxylase, with Ki values of 50pM and 3 gM respectively, whereas pyridine-2,5-dicarboxylate was the most potent inhibitor of prolyl 4-hydroxylase. These and other data suggest that the three collagen hydroxylases have similar but not identical 2-oxoglutarate-binding sites. Pyridine-2,4-dicarboxylate and pyridine-2,5-dicarboxylate and their corresponding benzene derivatives were also found to inhibit 2-oxoglutarate dehydrogenase, but with this enzyme, unlike the collagen hydroxylases, no distinct difference in the Ki values was found between the corresponding pyridine and benzene derivatives. This demonstrates the importance of the metal ion for the binding of various compounds at the 2-oxoglutarate-binding site of the collagen hydroxylases. 2-Oxoadipate was shown to replace 2-oxoglutarate in the lysyl hydroxylase and 2-oxoglutarate dehydrogenase reactions, as has previously been reported for prolyl 4-hydroxylase, whereas no other 2-oxo acid tested had any co-substrate activity. The 2-oxoglutarate-binding site of these enzymes is thus flexible to a certain degree, as it can accommodate molecules of different shapes and volumes. On the basis of the present data pyridine-2,5-dicarboxylate seems to be a quite specific inhibitor of prolyl 4-hydroxylase, the Ki for 2-oxoglutarate dehydrogenase being about 4000-fold higher.
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Prolyl 4-hydroxylase (EC 1.14.11.2), prolyl 3-ascorbate. 2-Oxoglutarate is stoichiometrically hydroxylase (EC 1.14.11.7) and lysyl hydroxylase decarboxylated during hydroxylation, one atom of (EC 1.14.11.4)  To whom correspondence should be addressed.
These and other data Nietfeld et al., 1982; Myllyla et al., 1984) are consistent with an ordered binding of Fe2+, 2-oxoglutarate, 02 and the peptide substrate to the enzyme followed by an ordered release of the products. A stereochemical mechanism that agrees with the kinetic data and involves a pocket model for the active site has been suggested for prolyl 4-hydroxylase (HanauskeAbel & Gunzler, 1982) .
The structure and function of the 2-oxoglutaratebinding site of prolyl 4-hydroxylase has been studied by assaying the inhibitory potential of 24 selected aliphatic and aromatic compounds . In accordance with the stereochemical model (Hanauske-Abel & Gunzler, 1982) , the data suggested that the 2-oxoglutarate-binding site can be divided into three distinct subsites . Subsite I is probably a positively charged side chain of the enzyme that binds domain I, the C-5 carboxy group of the 2-oxoglutarate. This brings domain II, the C-1-C-2 moiety of the co-substrate, into the sterically correct position with respect to subsite II, two cispositioned co-ordination sites of the enzymebound Fe2+ ion. Subsite III probably involves a hydrophobic binding site that interacts with domain III, the C-3-C-4 region of the 2-oxoglutarate. Chelation of the enzyme-bound iron by the C-1-C-2 moiety of the co-substrate is probably a crucial event for producing a decarboxylatable complex (Hanauske-Abel & Giinzler, 1982; Majamaa et al., 1984) .
The three collagen hydroxylases have small but distinct differences in their Michaelis constants for 2-oxoglutarate, the highest value having been reported for lysyl hydroxylase (Kivirikko & Myllyla, 1980) . This suggests that there may be slight structural differences in the 2-oxoglutarate-binding sites of the three enzymes. The purpose of the present work was to study the inhibition of lysyl hydroxylase and prolyl 3-hydroxylase by a number of compounds competing with 2-oxoglutarate and to compare these data with those previously reported for prolyl 4-hydroxylase . Some of the aromatic compounds were also tested for their ability to inhibit 2-oxoglutarate dehydrogenase (EC 1.2.4.2), this latter enzyme differing distinctly from the collagen hydroxylases with respect to its other co-substrates and its reaction mechanism (Reed, 1974) . These latter experiments studied in particular the importance of chelation of the enzyme-bound iron by the C-1-C-2 moiety of the 2-oxoglutarate for the reactions catalysed by the collagen hydroxylases. Special emphasis was laid on the question of whether collagen hydroxylases and 2-oxoglutarate dehydrogenase have such distinct differences at their 2-oxoglutarate-binding sites that would make it possible to design specific inhibitors of collagen hydroxylases.
Experimental Materials
Lysyl hydroxylase was purified from an ammonium sulphate fraction of chick-embryo extract by affinity chromatography on concanavalin Aagarose, affinity chromatography on collagen linked to agarose and gel filtration (TurpeenniemiHujanen et al., 1980) . Prolyl 3-hydroxylase was partially purified from an ammonium sulphate fraction of chick-embryo extract by affinity chromatography on collagen linked to agarose and gel filtration (Tryggvason et al., 1979) . 2-Oxoglutarate dehydrogenase was partially purified from pig heart as described previously (Sanadi, 1969) . After ammonium acetate fractionation, the dialysed preparation was purified of small-Mr impurities by ultracentrifugation at 140000g for 4h.
The synthetic peptide substrate L-I, with the structure Ala-Arg-Gly-Ile-Lys-Gly-Ile-Arg-GlyPhe-Ser-Gly (Kivirikko et al., 1972) , was purchased from the Protein Research Foundation (Minoh, Osaka, Japan), and the [3H]lysinelabelled and [2,3-3H]proline-labelled protocollagen substrates were prepared from freshly isolated chick-embryo tendon cells (Kivirikko & Myllyla, 1982) . The [2,3-3H]proline-labelled protocollagen was fully 4-hydroxylated with pure chick prolyl 4-hydroxylase before use (Kivirikko & Myllyla, 1982) . 2-Oxo[1-14C]glutarate was purchased from New England Nuclear (Boston, MA, U.S.A.) and was adjusted to a specific radioactivity of 100000d.p.m./0.lumol by mixing with the unlabelled compound (Fluka, Buchs, Switzerland) .
The sources of the aliphatic and aromatic compounds tested as enzyme inhibitors were as reported previously . Methods The reaction with lysyl hydroxylase was carried out in a final volume of 1.0ml, which contained 0.2-2pg of the enzyme, 0.5mg of L-I/ml as substrate, 0.05 mM-FeSO4, 1.0 mM-ascorbate, 0.1 mg of catalase (Sigma Chemical Co., St. Louis, MO, U.S.A.)/ml, 0.1 mM-dithiothreitol, 1.0mg of bovine serum albumin (Sigma Chemical Co.)/ml, 50mM-Tris/HCI buffer adjusted to pH7.8 at 25°C, and O.1mM-2-oxo[1-14C]glutarate (lOOOOOd.p.m.) (Kivirikko & Myllyli, 1982) . The peptide substrate was denatured by heating at 100°C for 10min and quenched at 0°C immediately before addition to the incubation mixture. The samples were incubated at 37°C for 30min, and the 14CO2 formed was then trapped and its radioactivity counted (Kivirikko & Myllyla, 1982) . The inhibitors to be tested were added at two to four constant concentrations, and the concentration of either Fe2+ or 2-oxoglutarate was varied. All stock solutions of the inhibitors were carefully neutralized and buffered before addition to the incubation mixture. The Ki values were calculated from the secondary transforms of the primary plots (see Segel, 1975; Majamaa et al., 1984) , the value shown being the mean of those obtained when the Fe2+ or 2-oxoglutarate concentration was varied in four to eight experiments for each inhibitor.
Prolyl 3-hydroxylase activity was assayed by a method based on the release of 3H20 during 3-hydroxylation of biologically prepared [2,3-3H]proline-labelled polypeptide substrate, in which all the proline residues recognized by prolyl 4-hydroxylase had been converted into 4-hydroxyproline residues (Kivirikko & Myllyla, 1982) . The reaction was carried out in a final volume of 1.5ml with the additions mentioned above, except that [2,3-3H]proline-labelled protocollagen (1000000d.p.m.) was used as the substrate, the concentration of unlabelled 2-oxoglutarate was 15 gM and the concentrations of ascorbate, catalase and bovine serum albumin were 2.0mM, 0.2mg/ml and 2.0mg/ml respectively. The samples were incubated at 37°C for 30min, after which 0.5 ml of 10% (w/v) trichloroacetic acid was added to stop the reaction. The whole incubation mixture was then distilled, and 1.6ml of 3H20 was counted for radioactivity (Kivirikko & Myllyla, 1982 (Segel, 1975) . This method was preferred in the case of prolyl 3-hydroxylase because of the difficulties encountered in preparing large amounts of this enzyme and its substrate.
The activity of 2-oxoglutarate dehydrogenase was assayed by measuring the formation of NADH spectrophotometrically at 340nm minus 385nm (Aminco DW-2) in 40mM-arsenate buffer adjusted to pH 7.2 and containing 1.5 mM-MgCI2, 0.5 mM-2-mercaptoethanol, 0.4mM-NAD+ and 7.5.uM-CoA (Tubbs & Garland, 1969 (Kivirikko & Myllyla, 1982) . Similar experiments were carried out with 2-oxoglutarate dehydrogenase, where the formation of NADH was measured in the presence of an aliphatic 2-oxo acid. The purity of the aliphatic 2-oxo acids was tested by h.p.l.c. as described previously (Majamaa et al., 1984) .
The lines of best fit for the primary plots and their secondary transforms were calculated by using the method of least squares (see Segel, 1975) .
Results and discussion
Inhibition of lysyl hydroxylase and prolyl 3-hydroxylase by aliphatic and aromatic analogues of 2-oxoglutarate The Km of 2-oxoglutarate is about 20QM in the prolyl 4-hydroxylase reaction (Myllyla et al., 1977; Majamaa et al., 1984) and about 100I M in the lysyl hydroxylase reaction (Puistola et al., 1980a) . A Km of 3puM has been reported in the prolyl 3-hydroxylase reaction, on the basis of data in which the concentration of only 2-oxoglutarate was varied (Tryggvason et al., 1979) . Since the Km values for this co-substrate were needed in order to interpret the data obtained here, the Km was now determined for prolyl 3-hydroxylase by using initial-velocity data similar to those used in the cases of the two other hydroxylases, and was found to be about 5 gM.
Eleven aliphatic (Fig. 1 ) and 12 aromatic (Fig. 2 ) compounds known to inhibit prolyl 4-hydroxylase were tested as possible inhibitors of the two other 2-oxoglutarate dioxygenases involved in collagen biosynthesis. All these compounds were found to inhibit lysyl hydroxylase and prolyl 3-hydroxylase competitively with respect to 2-oxoglutarate and non-competitively with respect to Fe2+ and the peptide substrate (results not shown). The data suggest that the active site of each of the three enzymes can be divided into three subsites, as previously reported for prolyl 4-hydroxylase . Every analogue with a carboxy group binding to subsite I was a more potent inhibitor than was the corresponding compound without this domain (Table 1) cases it had higher Ki values than prolyl 4- hydroxylase. An additional very distinct difference between the three hydroxylases was found in the optimal orientation of domain I with respect to domain II in the aromatic compounds (Table 1) . With lysyl hydroxylase and prolyl 3-hydroxylase pyridine-2,4-dicarboxylate was definitely a more potent inhibitor than was pyridine-2,5-dicarboxylate, as is to be expected by analogy with the staggered conformation of 2-oxoglutarate. With prolyl 4-hydroxylase, however, pyridine-2,5-dicarboxylate was the more potent inhibitor. The optimal location of domain I at ring position 4 with lysyl hydroxylase also held for compounds with a disrupted domain II (pyridine-3,4-dicarboxylate compared with pyridine-3,5-dicarboxylate, and benzene-1,3-dicarboxylate compared with benzene-1,4-dicarboxylate in Table 1 ), whereas the pattern obtained with prolyl 3-hydroxylase was now closer to that reported for prolyl 4-hydroxylase (Table 1) . These findings suggest a distinct difference between prolyl 4-hydroxylase and the two other hydroxylases either in the structure of the binding site on the enzyme or in the conformation of 2-oxoglutarate at this binding site.
Inhibition of2-oxoglutarate dehydrogenase by selected aromatic analogues of 2-oxoglutarate
The effective inhibition of collagen hydroxylases by pyridine derivatives as compared with inhibition by benzene derivatives lends strong support for the hypothesis that an intact iron-chelating group is a critical domain for the binding of 2-oxoglutarate analogues to the active sites of collagen hydroxylases (Hanauske-Abel & Gunzler, 1982) . 2-Oxoglutarate dehydrogenase catalyses the decarboxylation of 2-oxoglutarate by a mechanism that is distinctly different from that involved in the collagen hydroxylase reactions in that its mechanism does not involve a metal ion (Reed, 1974) . The above hypothesis therefore predicts that with 2-oxoglutarate dehydrogenase there should be no marked differences between the two groups of compounds. Therefore the metal-chelating pyridine-2,4-dicarboxylate and pyridine-2,5-dicarboxylate were compared as possible inhibitors with the corresponding non-chelating benzene derivatives benzene-1,3-dicarboxylate and benzene-1,4-dicarboxylate (see the legend to Fig. 2 for differences in nomenclature).
All four compounds were competitive inhibitors with respect to 2-oxoglutarate. Unlike in the cases of the three collagen hydroxylases, the pyridine derivatives were not significantly more potent inhibitors of 2-oxoglutarate dehydrogenase than were the benzene derivatives ( Table 2) . As with lysyl hydroxylase and prolyl 3-hydroxylase, pyridine-2,4-dicarboxylate was a more potent inhibitor than was pyridine-2,5-dicarboxylate (Table 2) . Replacement of 2-oxoglutarate by aliphatic 2-oxo acids in the decarboxylation reactions catalysed by lysyl hydroxylase, prolyl 3-hydroxylase and 2-oxoglutarate dehydrogenase Aliphatic compounds with an intact domain II are theoretically prone to decarboxylation in the H H Benzoate Fig. 2 . Structures of the aromatic compounds The Tables under the individual structural formulae show the substituents at the ring carbon atoms. The arrows indicate the ability of pyridine-2-carboxylate and its derivatives to chelate iron in the manner suggested for 2-oxoglutarate. The numbering of the benzene derivatives differs from that of the pyridine derivatives because of the absence of the heteroatom in the ring. catalytic cycle of the 2-oxoglutarate dioxygenases and 2-oxoglutarate dehydrogenase. Nevertheless no formation of hydroxy[3H]lysine was found in experiments with [3H]lysine-labelled protocollagen when oxaloacetate, 2-oxovalerate, 2-oxobutyrate or 3-oxoglutarate was used to replace 2-oxoglutarate (results not shown). A similar result was previously reported when these compounds were tested for their ability to replace 2-oxoglutarate in the prolyl 4-hydroxylase reaction , and was also obtained here when these compounds were used in the prolyl 3-hydroxylase and 2-oxoglutarate dehydrogenase reactions (results not shown). 2-Oxoadipate was found to support the hydroxylation of lysine residues by lysyl hydroxylase and the formation of NADH by 2-oxoglutarate dehydrogenase, however (Fig. 3) . These data agree with those reported for 2-oxoadipate in the prolyl 4-hydroxylase reaction , except in that the maximal velocity of this enzyme reaction was the same with 2-oxoadipate and with 2-oxoglutarate, whereas the maximal velocities of the lysyl hydroxylase and 2-oxoglutarate dehydrogenase reactions were lower with 2-oxoadipate. Prolyl 3-hydroxylase did not catalyse any hydroxylation with 2-oxoadipate, but, owing to the lower degree of purification of this enzyme compared with the other two collagen hydroxylases, a very low reaction rate cannot be completely excluded. The ability of two of the collagen hydroxylases and 2-oxoglutarate dehydrogenase to utilize 2-oxoadipate but not oxaloacetate point to the requirement of a certain minimum length of the co-substrate and also to a considerable protein flexibility at their 2-oxoglutaratebinding sites, as this site can decarboxylate a distinctly longer molecule than the ordinary cosubstrate.
Vol. 229 Table 1 . Inhibition constants for the aliphatic and aromatic compounds tested in the reactions of the three collagen hydroxylases Previously reported values for prolyl 4-hydroxylase Pyridine-2,4-dicarboxylate and pyridine-2,5-dicarboxylate seem promising experimental tools for the inhibition either of all three collagen hydroxylases or only of prolyl 4-hydroxylase, depending on the concentrations of these compounds used, and the latter would seem especially attractive for the selective inhibition of prolyl 4-hydroxylase. The K, for this enzyme is only 0.8pM, whereas the Ki values for prolyl 3-hydroxylase, lysyl hydroxylase and 2-oxoglutarate dehydrogenase are about 20-fold, 200-fold and 4000-fold higher respectively. The low membrane permeability of pyridine-2,5-dicarboxylate will probably make this compound unsuitable for inhibition of the prolyl 4-hydroxylase reaction, and hence for inhibition of the accumulation of extracellular collagen fibres in cultured cells or in vivo, but further alterations in the structure might help to overcome this problem. The high specificity of this compound with respect to prolyl 4-hydroxylase suggests that attempts to modify its structure are advisable.
